Active efflux is a very general mechanism of drug resistance present in almost all cell types (33) . In this context, efflux transporters recognizing antibiotics have now been described in both eukaryotic and prokaryotic cells (34, 35) . Their expression in phagocytic cells significantly reduces the activity of the corresponding substrates toward intracellular bacteria, as exemplified for azithromycin and daptomycin (both substrates of the P-glycoprotein) against Staphylococcus aureus (20, 30) or fluoroquinolones (substrates of MRP) against Listeria monocytogenes (30) . Conversely, addition of transporter inhibitors favors the intracellular activity of these drugs in parallel with an increase of their intracellular concentrations (20, 30) . More complex mechanisms may, however, also be envisaged, as recently demonstrated by the enhancement of the intracellular killing of Mycobacterium tuberculosis upon addition of reserpine, attributed to inhibition of K ϩ transport (2) . In bacteria, efflux transporters are well recognized as a cause of resistance for almost all antibiotic classes, with quinolones, tetracyclines, and chloramphenicol being the most universal substrates (34) . Data, however, are scarce on the intracellular expression of bacterial resistance by efflux, as well as on the potential cooperation between prokaryotic and eukaryotic efflux pumps having a common substrate and on the impact of such cooperation on antibiotic efficacy toward intracellular bacteria.
In the present study, we have examined the activities of two fluoroquinolones, ciprofloxacin and moxifloxacin, against L. monocytogenes, using bacterial strains and macrophage cell lines that express or overexpress efflux transporters against these antibiotics in comparison with their wild counterparts. Thus, we compared (i) a clinical isolate (CLIP21369, displaying a ciprofloxacin resistance phenotype associated with overexpression of Lde, a member of the major facilitator superfamily of secondary transporters encoded by the chromosomal lde gene) (10) to the wildtype strain EGD (widely used for the evaluation of antibiotic activity against L. monocytogenes) (5, 12, 13, 15) , and (ii) ciprofloxacin-resistant J774 macrophages, a cell line created in our laboratory and in which an MRP-like transporter (member of the ATP-binding cassette superfamily) acting on ciprofloxacin (24) is overexpressed (22) , to wild-type cells (with a basal-level expression of this transporter). In this system, we also compared ciprofloxacin to moxifloxacin, since the former is a substrate for both Lde and MRP-like transporters, whereas the latter remains largely unaffected by either transporter (10, 23) .
MATERIALS AND METHODS
Bacterial strains and susceptibility testing. Wild-type L. monocytogenes EGD (serotype 1/2a) was provided by P. Berche. Strain CLIP21369 (serotype 1/2b), isolated from a human case in France, is resistant to quinolones by overexpression of the Lde efflux pump (10) . BM4497 (derived from CLIP21369 by insertional inactivation of lde [10] ) was used as a control. Bacteria were maintained and characterized as described previously (27) . MICs were determined in tryptic soy broth (TSB) by arithmetic or geometric dilution (5) .
Killing curves in acellular media. Killing curves were performed in TSB. Cultures in logarithmic growth phase (ϳ10 9 CFU/ml) were diluted in TSB to a density of 10 6 CFU/ml. At the end of the 5-h incubation at 37°C, aliquots were diluted, plated on tryptic soy agar, and incubated overnight. The number of viable bacteria was determined by colony counting using an automated detector (5) .
Cells and cell culture. Wild-type J774 macrophages and macrophages rendered resistant to ciprofloxacin by long-term exposure to this antibiotic (henceforth referred to as ciprofloxacin-resistant macrophages [22] ) were used in parallel. Both cell lines were maintained and cultured as described previously (22) .
Determination of cellular concentrations of quinolones. A high-pressure liquid chromatography assay, based on a published method (1), was used since reserpine was found to interfere with the fluorometric assay used previously (23) . In brief, cells incubated with fluoroquinolones were washed three times with ice-cold phosphatebuffered saline, scraped with a Teflon policeman, and collected in distilled water. An aliquot of each sample was withheld and used for determination of the total protein content (21) . The remaining part was centrifuged at 14,000 rpm for 10 min, and 50 to 100 l of the supernatant was used for chromatography (Alliance Waters 2690 chromatograph equipped with a Waters 996 photodiode array detector [set at 275 nm for ciprofloxacin and 298 nm for moxifloxacin] and an autoinjector), using a reversed-phase column in conjunction with a precolumn, both XTerra RP 18 5-m columns, and a mobile phase made of acetonitrile and 25 mM Na 2 HPO 4 buffer, pH 3.0 (20:80, vol/vol; 1.0 ml/min). Data were collected using Millennium 32 version 4.00 software (Waters Corporation). The limit of detection was ϳ1.5 ng for both fluoroquinolones, with intraday and interday variation coefficients of 2.5 and 5.2% for ciprofloxacin and 2.6 and 6.5% for moxifloxacin, respectively. The cellular drug concentrations were expressed by reference to the corresponding total protein contents (22) . In preliminary experiments, this method was validated by comparison with the fluorometric assay (23) , with correlation slope factors of 1.13 (R 2 ϭ 0.963) and 0.92 (R 2 ϭ 0.975) for ciprofloxacin and moxifloxacin, respectively, using cells incubated at extracellular concentrations spanning from 10 to 50 mg/liter (n ϭ 20).
Cell infection and determination of intracellular activity of quinolones. Experiments were conducted as described earlier (22, 30) with a multiplicity of infection (bacterium-to-macrophage ratio) of 7.
Morphological studies. Infections were carried out using a multiplicity of infection of 70 to allow for the observation of a sufficiently large number of intracellular bacteria. Electron microscopy was performed on cells fixed in situ, and samples were processed as previously described (32) .
Materials. Ciprofloxacin and moxifloxacin were provided by Bayer AG, Wuppertal, Germany, as microbiological standards, with potencies of 85.0% and 90.9%, respectively. Reserpine and probenecid were purchased from SigmaAldrich (St. Louis, MO). Cell culture medium and serum were from Invitrogen (Paisley, Scotland, United Kingdom). TSB and tryptic soy agar were from Difco, Becton Dickinson and Co. (Sparks, MD).
RESULTS
MICs and influence of pump inhibitors. Table 1 shows the MICs of ciprofloxacin and moxifloxacin against L. monocytogenes EGD and CLIP21369, under control conditions or in the presence of pump inhibitors, used at the highest testable concentration (33 M, concentration for which reserpine caused maximal effect and was soluble; 15 mM, maximal concentration at which probenecid did not affect macrophage viability). Values for EGD were not influenced by the addition of probenecid or reserpine. In contrast, CLIP21369 was approximately fourfold less susceptible to ciprofloxacin than was EGD, but the MIC was brought close to that against EGD in the presence of reserpine or probenecid. The MICs of moxifloxacin against CLIP21369 were close to those for EGD and were not influenced by the addition of either of the two efflux inhibitors.
Extracellular activity of fluoroquinolones. Figure 1 shows the results of dose-effect studies of the activities of ciprofloxacin and moxifloxacin against the EGD and CLIP21369 strains, using a wide range of concentrations (corresponding to approximately 0.01-to 100-fold the MIC for EGD) after 5 h of contact. In all conditions, a sigmoidal function could be fitted to the data, and the corresponding pertinent regression parameters are presented in Table 2 . When the antibiotics were used alone, these data show (i) a static effect at concentrations close to the MIC in all cases (as expected); (ii) a larger relative maximal efficacy (E max ) for the CLIP21369 strain in comparison with EGD for both ciprofloxacin and moxifloxacin; and (iii) a larger relative potency (lower 50% effective concentrations [EC 50 s]) for moxifloxacin against both strains (reflecting its lower MICs), whereas the relative potency of ciprofloxacin Table 1 ). All values are the means of three independent determinations Ϯ standard deviations (when not visible, error bars are smaller than the size of the symbol). (EC 50 ) against CLIP21369 was 10 times lower than that against EGD, again reflecting the difference in MICs. When the antibiotics were tested in the presence of reserpine, this efflux inhibitor did not significantly affect the activity of ciprofloxacin against the EGD strain. In contrast, reserpine brought the activity of ciprofloxacin against CLIP21369 to values almost similar to those for EGD in the absence or in the presence of reserpine. Reserpine had no effect on moxifloxacin activity. Intracellular accumulation and antibacterial activity of fluoroquinolones. The cellular accumulation and intracellular activity of ciprofloxacin and moxifloxacin toward the EGD and the CLIP21369 strains were examined using wild-type J774 and ciprofloxacin-resistant J774 macrophages. Each cell line was infected by a bacterial strain and incubated for 5 h or 24 h without antibiotic (control) or in the presence of (i) ciprofloxacin or moxifloxacin alone; (ii) probenecid alone, reserpine alone, or both; and (iii) each fluoroquinolone plus probenecid, reserpine, or both. In all cases, drugs (fluoroquinolones and inhibitors) were added after infection of the cells and simultaneously when combined. Fluoroquinolones were used at concentrations mimicking the maximal concentration found in the serum of patients receiving conventional therapy (4. ] ). In parallel, the cellular concentrations of the fluoroquinolones were determined (using the same experimental groups) in noninfected cells after 5 h (Fig. 2 and 3) . Previous experiments have shown that (i) maximal accumulation of both fluoroquinolones is achieved at this period, (ii) the accumulation levels remain constant between 5 h and 24 h, and (iii) the accumulation levels do not differ between uninfected and infected cells (23, 29) .
Intracellular bacterial growth in the absence of drugs was slightly slower for EGD than for CLIP21369 (1.24 Ϯ 0.11 versus 1.47 Ϯ 0.32 log 10 at 5 h [P Ͼ 0.05] and 3.64 Ϯ 0.14 versus 3.93 Ϯ 0.18 log 10 at 24 h [P Ͻ 0.01]). Growth was not significantly affected by the presence of reserpine, probenecid, or their combination for EGD but was significantly slowed down for CLIP21369 (10 to 15% reduction compared to control in three independent experiments). To ascertain whether this difference in intracellular growth and the specific effect of inhibitors on CLIP21369 intracellular multiplication rate were not related to the use of genetically unrelated strains, but rather to its specific phenotype, we also studied BM4497 (obtained by disruption of the lde gene in CLIP21369 [10] ). It behaved like EGD, with very similar growth rates and no reduction of intracellular growth in the presence of inhibitors. In all cases, intracellular L. monocytogenes EGD and CLIP21369 were found by electron microscopy to multiply in the cytosol of both types of macrophages (not shown).
Accumulation of ciprofloxacin in wild-type macrophages was increased about 2.5-fold in the presence of reserpine, probenecid, or their combination (Fig. 2, upper panels) . Ciprofloxacin alone only slowed down the growth of EGD at 5 h but caused a 1.4-log 10 -CFU decrease at 24 h. Reserpine, probenecid, or their combination allowed ciprofloxacin to cause a net reduction in bacterial counts (about 0.5 to 1 log 10 CFU) at 5 h (with a linear relationship [R 2 ϭ 0.97] between activity and cellular accumulation in both wild-type and ciprofloxacin-resistant macrophages). At 24 h, reserpine alone or combined with probenecid significantly increased the activity of cipro-TABLE 2. Pertinent regression parameters (with confidence intervals ͓CI͔) and statistical analysis of the dose-response curves illustrated in Fig. 1 (killing floxacin. Ciprofloxacin alone was inactive against CLIP21369 at both 5 h and 24 h. At 5 h, however, ciprofloxacin became static in the presence of probenecid or reserpine alone and caused a 0.5-log 10 -CFU decrease in the presence of the two combined inhibitors. At 24 h, the inhibitors decreased the bacterial growth seen in the presence of ciprofloxacin and caused a 0.5-log 10 -CFU decrease when used in combination. In ciprofloxacin-resistant macrophages (lower panels), cellular accumulation of ciprofloxacin was (i) markedly lower than that in the wild-type cells, (ii) increased in the presence of reserpine, and (iii) further increased in the presence of probenecid and still further if the two inhibitors were combined (however, not reaching the same level as that in wild-type macrophages). Intracellular activity of ciprofloxacin against EGD in these cells globally mirrored the changes in cellular accumulation. Thus, ciprofloxacin alone was essentially unable to prevent growth at either 5 h or 24 h. Addition of reserpine or probenecid allowed for a modest decrease in bacterial counts at 24 h, which was further increased by their combination, but not to the level observed with EGD. The overall effect of inhibitors on ciprofloxacin activity at 5 h against CLIP21369 was similar to that seen with EGD. At 24 h, ciprofloxacin was inactive under all conditions, with bacterial counts mirroring again the drug cell content. The contribution of each transporter in reducing ciprofloxacin intracellular activity was estimated by comparing the degree of potentiation obtained in the presence of inhibitors (i) against EGD infecting wild-type or ciprofloxacin-resistant macrophages (disclosing their effect on the macrophage efflux pump [MRP] ) and (ii) against EGD or CLIP21369 infecting wild-type macrophages (disclosing their effect on the Listeria efflux pump [Lde]). These calculations indicated that (i) inhibition of the macrophage transporter produced a gain of about 1 and 3 logs of intracellular activity in wild-type and ciprofloxacin-resistant cells, respectively, and (ii) inhibition of the Listeria transporter increased the intracellular activity of ciprofloxacin by about 2 to 2.5 logs (see Fig. S1 in the supplemental material). We also found a much weaker potentiation in ciprofloxacin-resistant cells infected by CLIP21369 than in the other situations tested, indicating that the inhibitors used were unable to cope with the concomitant overexpression of the two efflux pumps.
Results of similar experiments with moxifloxacin are illustrated in Fig. 3 . Moxifloxacin accumulated at high and similar levels in the two cell types, with no marked effect of any inhibitor (the level of cellular accumulation of moxifloxacin being similar to that seen with ciprofloxacin in the presence of reserpine or probenecid in wild-type cells). Under all conditions, moxifloxacin was able to reduce the intracellular bacterial counts, and this effect increased over time. No consistent effect of the inhibitors was seen, except that probenecid exerted a slightly depressing effect on moxifloxacin activity at 5 h 
DISCUSSION
The key finding of the present study is that a bacterial efflux pump, such as Lde, may actively cooperate with a eukaryotic transporter, such as MRP, to reduce the activity of a common substrate (ciprofloxacin) toward an intracellular bacterial target (L. monocytogenes). The data comparing CLIP21369 with EGD and ciprofloxacin-resistant with wild-type J774 macrophages show that the expression of Lde and MRP transporters has distinct but additive negative effects on ciprofloxacin activity. Addition of transport inhibitors allows restoration of the activity of ciprofloxacin to an extent essentially commensurate with the increases of (i) its cellular accumulation (through modulation of the MRP activity) and (ii) its antibacterial potency (through impairment of Lde). The behavior of moxifloxacin supports this conclusion since no or only a minimal effect of inhibitors was observed with this antibiotic, which is substrate for neither MRP (this study; see also reference 23) nor Lde (based on MIC determinations in this study [ Table 1 ] and in reference 10).
Probenecid, a well-known inhibitor of organic anions (4, 6) and of MRP transporters (11, 16) in mammalian cells, increases the cellular accumulation of ciprofloxacin in J774 macrophages (24) and its activity against intracellular L. monocytogenes (29) . The present study suggests that it is also an inhibitor of Lde, which has not been reported so far. Reserpine, commonly used as an inhibitor of efflux in gram-positive bacteria (10, 19, 25, 28, 36) , is also an inhibitor of the Pglycoprotein and of the breast cancer resistance protein (8, 38, 39) . Our study shows that reserpine also impairs the activity of the ciprofloxacin MRP-like transporter in J774 macrophages. This is so far undescribed, but reserpine has been shown to inhibit the transport of methotrexate (14) , another known MRP substrate (17) . The sharing of substrates and inhibitors among phylogenetically remote transporters is not a surprise since (i) most inhibitors act through a competitive mechanism (18, 26, 37) , (ii) substrates can also be inhibitors (3, 24) , and (iii) common pharmacophores have been described for substrates and inhibitors of multidrug transporters (7, 9) . Further studies, however, will need to better characterize the properties common to the prokaryotic Lde and the eukaryotic MRP. The faster intracellular growth of CLIP21369 than of EGD or the lde disruptant isogenic strain (partially prevented by the addition of efflux pump inhibitors) may also suggest a role of Lde in intracellular growth.
In a broader context, the observations reported in this study may have important implications for the treatment of intracellular infections. They underline the importance of active efflux in modulation of antibiotic efficacy, not only at the bacterial but also at the host cell level, strongly pleading for an early evaluation of the interactions between antibiotics and transporters expressed both in prokaryotic and in eukaryotic cells. This may ultimately lead to the selection of drugs which, like moxifloxacin, are substrates for neither of these transporters. The alternative approach, consisting in the development of broad-spectrum pump inhibitors, could indeed face major difficulties, related to their intrinsic but unwanted pharmacological activities, the impairment of the physiological functions exerted by the transporters in mammalian cells (31) , the multiplicity of the efflux systems, and the potential risk of the rapid emergence of resistance. Upper panel: gain in activity against EGD infecting wild-type or ciprofloxacinresistant macrophages. The calculations show that efflux inhibition offers a gain in activity against EGD of about 1 and 3 log in wild-type and ciprofloxacin-resistant macrophages, respectively, corresponding to the inhibition of the macrophage efflux pump expressed at a basal or increased level.
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Middle panel: gain in activity against EGD and CLIP21369 infecting wild-type macrophages. The calculations show that inhibitors increase ciprofloxacin activity against CLIP21369 infecting wild-type cells of about 2 log when used alone, and 3.5 log when used in combination. By subtracting gain of activity determined against EGD in wild-type cells and attributed to the inhibition of MRP expressed at a basal level, this graph shows that inhibition of Lde causes specifically a 2-2.5 log increase in ciprofloxacin activity.
Lower panel: gain in activity against CLIP21369 infecting ciprofloxacin-resistant macrophages. The gain in activity were much lower than in all other situations tested, indicating that, even in combination, efflux pump inhibitors are unable to effectively counteract the activity of the two transporters when overexpressed.
